INTRODUCTION
The mixing process between fuel and oxidizer is one of the main parameters for the quality of combustion (Kim et al. 2011) . In a direct injection engine, the characteristics of the spray determine the air/fuel mixing in the combustion chamber (Lee et al. 2010) . Direct studies on the diesel spray in its usual environment, i.e. the engine, are complicated because they require special optical accesses, and running such prototype engines always needs special and expensive equipment. For this reason studying the spray outside the engine in steady and controlled conditions has always been of special interest.
The spray behavior and its structure are influenced by several parameters related to the environment in which the spray is injected and other parameters inherent to the injection system , Benajes et al. 2010 , Lee et al. 2005 . Studies aiming to characterize the spray can consider two different approaches: microscopic and macroscopic. The aim of the first category is to provide internal spray features such as droplet size and velocity (Albrecht et al. 2003) , as well as mass distribution (Ramirez et al. 2009 ). Geometric features, i.e. spray tip penetration, cone angle are determined with macroscopic measurements, basically spray imaging (Naber and Siebers 1996) .
Planar Laser-Induced Fluorescence (Planar LIF or PLIF) (Eckbreth 1988 ) offers a relatively simple alternative to microscopic techniques, while providing the experimentalist with basic geometric information. Used either for gases or liquids, it relies on the fact that the quantity (or mass) of the substance under study is proportional to its fluorescent emission; therefore the concentration can be obtained (assuming proper mixture of the fluorescent substance). The droplet size can also be obtained by dividing the fluorescence intensity by the Mie signal, which Published as: INTERNATIONAL JOURNAL OF AUTOMOTIVE TECHNOLOGY 2012, Vol 13 (issue 5), pp. 713-724, doi 10.1007/s12239-012-0070-z in its turn depends on droplet surface (LeGal et al. 1999, Domann and Hardalupas 2002 ) (see eq. 3). Proposed by Yeh et al. (1993) , this technique assumes surface dependence with droplet diameter for the elastically scattered light signal and volume dependence for the fluorescent emission.
Since then, many researchers concentrated their efforts on this field and spray analysis using the LIF/Mie ratio became more and more important (Lockett et al. 1998 , Charalampous and Hardalupas 2011 . For example, Domann and Hardalupas (2000) published a study aiming at guiding researchers through the application of this technique then called the Planar Droplet Sizing (PDS). A methodology for concentration measurements of diesel sprays in isothermal conditions using the natural fluorescence emitted by a commercial diesel fuel has been described by Pastor et al (2002) . The authors stated that the losses due to multiple Mie scattering resulted in severe asymmetrical spray concentration maps and that important corrections were needed (Pastor et al. 2009 ).
The objective of this paper is to determine which fluorescence signal, natural or from an additive, would represent a better solution for liquid spray analysis from a qualitative/quantitative point of view. The experiments conducted for the natural fluorescence followed those described by Pastor et al. (2002) , while the methodology relying on doping the fuel is fully described in the following pages. A brief introduction to the theoretical side of these experiments is presented after this introduction, along with the important parameters to consider when applying such optical diagnostics. The experimental equipment and setup used in this work are presented in the third section. Then, specific tests aiming at understanding the fluorescence emission for both the natural and Rhodmanine B cases have been undertaken providing measurements of the fluorescence quantum yield and lifetime, as well as the absorption coefficient. The following section presents a computational analysis of the signals collected to check the validity of the hypotheses concerning Mie scattering and fluorescence emission. The result section offers a direct comparison of the two techniques; for that purpose, operating conditions is also carried out and the results applying the preferred technique are presented before ending the present paper with the main outcomes of this study.
THEORETICAL BACKGROUND
Fluorescence is a property of some atoms and molecules to absorb light at a particular wavelength and to subsequently emit light over a longer wavelength range (Lakowicz 2006) .
From a practical point of view, the fluorescence phenomenon can be briefly explained as the reemission of part of the incident radiation at a longer wavelength when some substances, called fluorophore, are illuminated. The intensity of the emitted fluorescence is dependent upon several parameters and must be accurately known when applying diagnostics based on the fluorescent emission. The fluorescence quantum yield Ф is one of these parameters and corresponds to the ratio of photons absorbed to photons emitted through fluorescence (Schulz and Sick 2005) . By integration over the volume of a droplet, taking into account the scattering processes such as external reflection, multiple internal reflections, transmission and surface waves, the fluorescence emitted by one droplet can be computed. To do so, the Beer-Lambert law is generally used as it provides the intensity of light after extinction through a liquid (Payri et al. 2011): (1)
Where τ is the optical depth, I and I 0 are the transmitted and incident intensities, respectively.
The optical depth can be decomposed in:
Published as: INTERNATIONAL JOURNAL OF AUTOMOTIVE TECHNOLOGY 2012, Vol 13 (issue 5), pp. 713-724, doi 10.1007/s12239-012-0070-z (2) Equation 2 is only valid for extinction processes considering absorption as the only source of extinction (i.e. no scattering process), which is most likely to be true for extinction in liquid. In this expression, α is the absorption coefficient and L opt the optical pathways through the liquid (droplet).
For measurements in sprays, the extinction is mostly due to scattering and equation 2 has to be modified accordingly. In this case, the number of droplet (number density) and their diameter (scattering cross-section) would replace the absorption coefficient in this formulation.
Therefore, the intensity of the scattered light depends upon the droplet surface (square diameter) (LeGal et al. 1999 , Jermy et al. 2000 . On the other hand, several authors observed and reported that the intensity of the fluorescent emission was proportional to the volume of the droplet (diameter to the cube) (LeGal et al 1999, Domann and Hardalupas 2001) .
The droplet sizing technique presented in the introduction and being the subject of this paper is achieved by combining both Mie scattering and fluorescence signals (LeGal et al. 1999 , Domann and Hardalupas 2002 , Charalampous and Hardalupas 2011 . This hypothesis is only valid if the signal emitted by the fluorophores is dependent upon the cube of the diameter whilst the elastically scattered light is dependent on the square of the diameter such that the following expression is verified (LeGal et al. 1998 , Jermy et al. 2000 :
Where D is the geometrical droplet diameter, S LIF and S Mie are the acquired signal for LIF and Mie, respectively. If this assumption is verified, then the pixel to pixel ratio of two images of a large ensemble of droplets should provide a map of Sauter Mean Diameter. The sprays have been injected in an optically accessible constant volume vessel filled with sulfur hexafluoride gas (SF 6 ) to simulate real engine densities with relatively low pressure. SF 6 is an inert gas whose viscosity and optical properties are very similar to those of air (Pastor et al. 2002) . The experiments have been performed at three different discharge densities:  g = 10, 25
and 40 kg/m 3 to represent the internal conditions found in current production diesel engines.
The test rig is a closed-loop and the flow passes through a honeycomb-type structure to force a coaxial velocity (lower than 2 m/s) of gas and clean up the testing section with remaining droplets of previous injection events.
A common-rail system was used to generate the diesel sprays at injection pressures of p inj = 50, 100 and 180 MPa. The DI diesel injector is equipped with an axially-drilled single-hole nozzle with a conical orifice (k-factor = 1.8 (Potz et al. 2000) ) so that the flow should be noncavitating . The nozzle has a nominal outlet diameter of 0.110 mm and hydro-erosion (HE) has been performed to smoothen corners and increase discharge capacities (HE value = 10 %) . A commercial diesel fuel has been used. The injection energizing time has been set to 1.5 ms, generating actual injection durations ranging from approximately 2.0 to 2.5 ms (mainly driven by injection pressure); long enough to allow the spray to be fully developed at all testing conditions taking into account the visualization window size.
Due to its fluorescence properties: visible wavelength (peak absorption around 550 nm) and high quantum yield (Williams et al. 1983) , Rhodamine B has been selected to be added to the fuel as a fluorescent tracer. As Rhodamine B is not directly miscible with diesel fuel, it has been mixed with dimethyl sulfoxide (DMSO) and toluene (less than 4 % in volume) to achieve a complete and stable dilution of the dye. The fuel has been doped with 12 mg/l of solid (powder) The exposure time of the camera has been set as low as 1 s to reduce the potential flare of the external environment, the actual exposure time of the images would be the laser pulse duration (5 ns). The optical setup is sketched in figure 1 . The timings for the injection, the camera and the laser are all controlled by a purposely-designed synchronization system. The pictures have been taken at different times after the start of injection (ASOI) in order to get the desired spray development and the results presented later are average of 100 injection events.
FLUORESCENCE PROPERTIES
The molecules that exhibit fluorescence have common chemical and physical characteristics such as their large molecular size, polycyclic structure, thus making them more rigid (Eckbreth 1988 ). Many components of the commercial fuels used in the thermal engines today, especially that there is no overlap.
As described in the theoretical background (section 2), the fluorescence quantum yield Ф is given as the ratio of the number of photons emitted over the number of photons absorbed by the sample. An easy way to determine the quantum yield of a fluorophore is to compare it to a standard with a known quantum yield. The quantum yield of the Rhodamine B dissolved in water has been investigated in detail and is commonly taken as a reference (Magde et al. 1999 ).
Then, the fluorescence quantum yield can be calculated as follows (Williams et al. 1983 ):
Where Ф is the quantum yield, I the intensity integrated under the emission spectrum, n is the refractive index, and τ is the optical depth as described in section 2. The subscript R refers to the values obtained for the reference sample used in this experiment: Rhodamine B dissolved in water. The values of the refractive indices used for the calculation were: n = 1.463 for the fuel doped with Rhodamine B at λ = 532 nm and 1.477 for the commercial fuel at 355 nm. Note that the difference in refractive index is due to distinct wavelengths as both fuels are issued from the same commercial fuel. The optical depths have been measured by placing the two solutions into optical cuvettes, the intensity signals have been recorded by a photo-diode. The pulsed Nd:YAG laser described earlier in section 3 has been used as light source and the same interference filter (Ko et al. 2006) . This means that the intensity of the fluorescent emission would decrease when temperature increases; however, the intensity profile would not change (Ko et al. 2006 , Sjoback et al. 1998 ).
COMPUTATIONAL ANALYSES
The purpose of this work is to compare two different approaches to spatially measure the droplet size distribution with the LIF/Mie principle. The scattered light must be proportional to The intensity versus droplets diameter has been fitted for both configurations, the intensity of the scattered light agrees almost perfectly with the square of the droplet diameter. The exponent coefficient has been found to be 2.000 for both cases for droplet diameter ranging from 1 to 100 m. is not respected.
The fluorescence signal intensity dependence with cubic exponent of droplet diameter such that:
; has been computed taking into account the absorption of light over the 1 st , 2 nd and 3 rd paths in the droplet, although it has been observed that the contribution of 2 nd and 3 rd orders of scattering was nearly negligible as described by Domann and Hardalupas (2001) . Figure 5 shows the results of the calculation of the fluorescence intensity vs. droplet diameter; like for the scattered light, a similar approach with a fitting is used to evaluate the exponent on the diameter to follow the calculation.
The exponents on the diameter shall be equal to 3 to get the intensity dependent to droplet volume/mass; however the fitting of the intensity for the regular fuel shows an exponent as low 
RESULTS AND DISCUSSIONS
As it was defined before, the main objective of this work is to compare two experimental solutions to evaluate the droplet size distribution in DI Diesel sprays. It has been stated earlier that both Mie signals should not be different due to acquisition at the same wavelength and solid surface dependence behavior. Some difference however must be expected on the fluorescence side. 
A symmetrical spray, as it is to expect, should return D R = 0. The symmetrical behavior of such sprays is commonly accepted and has been purposely investigated by Desantes et al. (2007) . In the example presented in figure 6 , the dissymmetry ratio of the fluorescent emission is 12.1 %.
These values are equivalent to those found by Pastor et al. (2002) when the natural fluorescence of the diesel fuel is acquired, reporting errors up to 25 %. On the other hand, the profile for the LIF of Rhodamine B appears more similar in terms of intensity distribution on both sides of the axis. The dissymmetry ratio also confirms this visual impression as D R is only 4.6 % for fluorescence signals when the fuel is doped with Rhodamine B, this value about three times lower than that calculated for the natural fluorescence. Table 1 signal is acquired at 532 nm for both techniques, where the absorption is really low, the difference between LIF and elastic scattering would be even more important. This must have an impact when the LIF/Mie ratio is done to get a map of droplet diameter as the absorption is not the same for both signal. It is interesting to observe that both techniques present higher dissymmetry when the injection pressure goes up.
To obtain two-dimensional results of the droplet diameter (SMD), a calibration is necessary. This observation has been reported by many authors employing different experimental techniques to obtain droplet diameter (Sankar et al. 1999 , Albrecht et al. 2003 , Soare 2007 .
Bigger droplets on the centerline can be explained by spray momentum being higher in the center of the spray, thus experiencing less disturbances, leading to droplet aggregation generally called coalescence.
The influence of injection pressure on droplet diameter has also been highlighted in several studies, in which the authors reported a decrease in droplet diameter for an increase in injection pressure (Albrecht et al. 2003 , Soare 2007 . Figure 10 plots the radial distribution of SMD for two injection pressures: 50 MPa (labeled A) and 180 MPa (labeled B); these results report the droplet diameter at a discharge density of 25 kg/m 3 for two distances from the injector tip: 20 and 40 mm. First observation is that the droplet size is higher in the center for both injection pressures and axial positions as seen in figure 8. Another comment valid for both injection pressures is that although the droplet diameters on the edges are very similar, the droplets are bigger on the centerline for shorter distance from the tip. This is not surprising as smaller droplets are expected downstream due to on-going atomization; in addition, the difference in SMD between the two locations is lower for the highest injection pressure (180 MPa vs. 50
MPa). More complete atomization is expected at the same location due to higher aerodynamic forces for the higher injection pressure as higher velocities would enhance droplet breakup (Im et al. 2011 , Soare 2007 ). Higher atomization level mainly results in lower droplet diameter for higher injection pressure as referenced by the y-axes on figure 10. At the same time, at high injection pressure ( fig. 10B ), the SMD distributions do not appear symmetrical, while it is the case for the low injection pressure ( fig. 10A ). This has to be related with better atomization and Payri et al. (2011) . This comes from a different behavior of the internal scattered light signal due to smaller scatterers and higher number density (droplet concentration per unit volume). The optical depth being higher, the extinction throughout the spray is too important, thus leading to low signal-to-noise ratio when LIF and Mie signal are ratioed.
The density of the ambient gases in which the spray is injected is known to affect macroscopic parameters such as tip penetration and spreading angle widely . The influence of discharge density is really important when it comes to droplet diameter as well. Figure 11 presents radial SMD distributions for two discharge densities: 10 and 40 kg/m 3 . The injection pressure is 100 MPa for both cases and similarly to figure 10, the distributions are plotted for two axial locations (20 and 40 mm). Similar comments to those made on figure 10 can be repeated concerning the shape of the radial SMD distributions presented here. However, the main observation concerning these two graphs is the droplet diameter for both discharge densities: the droplets get bigger when discharge density increases. This has been observed by others (Albrecht et al. 2003 , Soare 2007 , although the explanations do not always agree, coalescence is commonly accepted to cause this. These two graphs also highlight the fact that the sprays do not spread the same when varying ambient density. When a spray is injected into low ambient density such as 10 kg/m 3 , the spreading angle is relatively low, and the diameter of the spray is only slightly more than 2 mm at 20 mm from the tip. For higher discharge densities such as 40 kg/m3 studied in this work, the spray is wider; with a diameter of about 7 mm, it occupies more than 10 times the area of the lower discharge density spray. This obviously has an impact on droplet spatial distribution and their size: distanced droplets of larger diameter are generally observed in sprays injected under higher ambient densities, while droplets are smaller and closer for lower discharge density conditions. PDPA instrument are also available in ref. (Soare 2007) for the same testing conditions.
CONCLUSIONS
A technique using the natural fluorescence of a commercial diesel fuel has been successfully 
